Successful direct recycling routes are known for both Nd-Fe-B permanent magnets and Sm-Co permanent magnets. Often the magnets are coated by a nickel-copper-nickel coating to prevent corrosion of Nd-Fe-B magnets and chipping of Sm-Co magnets. However, this coating does not contribute to the magnetic properties and only ends up as a contamination in the recycled magnet powder, which in turn dilutes the magnet alloy and reduces the magnetic performance. One solution is the addition of virgin magnet alloy to the recycled powder, but this is not the best option from a sustainable point of view. Another option is to remove the coating prior to the magnet recycling. We developed a solvometallurgical process for removal of the metallic coating prior to direct recycling. In particular, a mixture of bromine in organic solvents was found to be very selective in the removal of the nickel-copper-nickel coating from both Nd-Fe-B permanent magnets and Sm-Co permanent magnets, without codissolution of the magnet alloy.
Introduction
The European supply of rare-earth elements (REEs) almost completely relies on imports from China. Urban mining of REEs from end-of-life permanent magnets (PMs) or from PM production scrap could partially replace primary production.
1-3 Although Nd-Fe-B PMs represent the largest share of the global PM market, Sm-Co PMs are still essential for hightemperature and high-end applications. 4 REE PMs can be directly recycled into new magnets which is not possible for applications, such as lamp phosphor. Compared to indirect recycling, direct recycling (magnet-to-magnet) has the advantages of short owsheets, minimal losses of material and lower costs. Two processes, hydrogen decrepitation (HD) or hydrogen-decomposition-desorption-recombination (HDDR) have already been successfully applied at pilot scale and could be commercially feasible, especially for Nd-Fe-B magnets.
5-12
However, the magnet coating partly ends up as a contamination in the decrepitated powder, dilutes the magnet alloy and deteriorates the magnetic properties of the recycled PM.
9,13
Different materials are being used for coatings, depending on the application of the PMs, for instance epoxy resins, zinc, nickel-copper, and nickel-copper-nickel.
14 In case of Nd-Fe-B PMs, the coating is necessary for corrosion resistance, whereas it is mainly applied to Sm-Co PMs for protection against chipping or for use in medical applications. 15, 16 There are three options available for removal of the coatings of PMs prior to direct recycling: mechanically, pyrometallurgically or hydrometallurgically. The latter option is preferred because it is cheaper and less labor-intensive. Nevertheless, although it is the most selective among the current three routes, hydrometallurgical pre-treatment of coated Nd-Fe-B PMs and SmCo PMs still causes losses of the core valuable metals by partial codissolution of the magnet alloy. No solvometallurgical treatments, in which the lixiviant is dissolved in an organic solvent, have been tested yet to dissolve metallic coating from REE PMs.
17,18
In this paper, a selective solvometallurgical method is described to remove the nickel-copper-nickel coating from Sm-Co and Nd-Fe-B PMs, using a solution of elemental bromine in an organic solvent. In the literature, bromine in organic solvents such as ethyl acetate or methanol has been reported to be able to dissolve metals such as uranium, thorium, zirconium, titanium, iron, chromium and nickel.
19-24
Inspired by these results, we investigated the dissolution of the nickel-copper-nickel coating of SmCo 5 
Dissolution experiments
All the dissolution tests were carried out by soaking a bulk SmCo 5 , or Sm 2 Co 17 or Nd-Fe-B PM in a 10 mL solution of either 2 M HNO 3 or 1 vol% bromine in an organic solvent. Bulk magnets were used, in order that only the coating was exposed at the starting time. The metal concentrations in solutions were measured by ICP-OES. To determine the PMs compositions, ten of each type of magnets were dissolved, separately, in 30 mL of 37 wt% HCl. Standard solutions in the concentration range of 0.1-50 mg L À1 were prepared by dilution of the metal standards in 2 vol% HNO 3 . All the samples were also diluted in 2 vol% HNO 3 and different dilution factors were used, in the sample preparation for the ICP measurements, to detect major and minor elements. The dissolution yield, h (%), was calculated by eqn (1):
where [M] t and [M] 0 are, respectively, the concentration of a metal M in solution at the time t of uptake and the concentration of the same metal if all the content of the coating would be dissolved in solution. As for the bromine solutions in organic solvents, solutions of 1 vol% bromine in dimethylformamide (DMF), ethanol (EtOH), ethylacetate (EtOAc), ethylene glycol (EG) and methylacetate (MeOAc) were prepared to make a screening of the best solvent in terms of both selectivity and efficiency. The screening tests were performed at room temperature for 20 minutes at 500 rpm on SmCo 5 Table 1 . The nickel-copper-nickel coating had a thickness of about 20 mm. An optical-microscope picture of its multi-layer structure is shown in Fig. 1 for SmCo 5 PM. The chemical structures of the used solvents are shown in Fig. 2 , together with their polarity, d (D), and their Gutmann solvent donor number, DN (kcal mol À1 ), and viscosity, n (mPa s). 25, 26 The DN denes the ability of a solvent to solvate cations or Lewis acids, such the metals in solution. Because of its small volume fraction, the effect of the dissolved bromine on the viscosity of the solvent was considered to be negligible. Bromine was selected because it is liquid at room temperature, thus easy to handle, and it is less toxic than chlorine gas. Screening tests were carried out on Sm-Co PMs, on which we are working with HD.
5 A comparison was planned among the ve 1 vol% bromine solutions in DMF, EG, EtOAc, EtOH and MeOAc, a solution of 1 vol% bromine in water and a solution of 2 M HNO 3 , which is a common oxidizing lixiviant in industry. However, bromine is poorly soluble in water at room temperature and this solution could not be prepared.
The solutions of bromine in organic solvents were regularly prepared and the tests were carried out for these and for the 2 M HNO 3 Tables S1 and 2 (ESI †) for the 2 M HNO 3 solution. In the case of the mineral acid, a good selectivity towards nickel over the Sm-Co alloy is shown, but it is mainly because the nickel layer is the rst to be exposed to the HNO 3 . However, even aer 210 min, no copper was detected in solution. In general, the bromine in organic solvents mixtures gave higher yields already aer 20 min (Fig. 3) . The poor performance of EG is surprising, despite that its chemical structure, its donor number and its polarity are very similar to those of EtOH. The contrasting results are not due to chemical differences between the solvents, but to the different physical properties, i.e. the viscosity (Fig. 2) . The viscosity of EG is one order of magnitude higher than that of EtOH or DMF, which explains the lower dissolution rate of metals in the bromine-EG mixture. As for the acetates, they have a very low viscosity. Thus, the slow dissolution rate of metals in the MeOAc and EtOAc mixtures is likely attributed to the low solubility of the formed metal salts in these solvents and not to a slower diffusion rate in solution. The solubility of these metal salts is, in turn, also affected by the oxidation power of bromine in the different mixtures. Except for EG, the solvents with the highest DN interact the most strongly with the dissolved metals, Lewis acids, which explains the highest dissolution yields. 27 A very high selectivity was obtained for the dissolution of coating-over-magnet-core by the developed solvometallurgical process. In fact, the magnet core was scarcely leached also when it was exposed aer complete dissolution of the coating, as in case of the bromine-DMF (Fig. 3, Tables S6 and S8, ESI †) . The best performing solvents were DMF and EtOH, but DMF is less preferable since it is not a green solvent. 28 In fact, DMF is toxic both for the human health and the environment, but at the same time difficult to substitute, just as all other dipolar aprotic solvents.
28,29
Next, the dissolution rate in 1 vol% bromine in EtOH and DMF was studied both for the Nd-Fe-B PMs (0.12 cm 3 ) (Fig. 4 , Tables S3 and 4 in the ESI †) and for the Sm-Co PMs (Fig. 5 and Tables S5-8 in the ESI †). In the Sm 2 Co 17 and in the Nd-Fe-B, copper is present in both the coating and in the magnet alloy, but only the copper from the coating was considered in the calculations of the coating dissolution yields. A copper dissolution yield above 100% implied that some copper from the core started to dissolve as well. In these cases, the copper dissolution yield was rounded to 100%. The nickel-copper-nickel coating was successfully removed from all the Sm-Co PMs with a great advantage on a next HD(DR) treatment, although a h $ 95% would have been satisfying too. In fact, it has been reported that small amounts of impurities in the HD(DR) process do not signicantly affect the magnetic properties of the recycled magnet. 30 As for the Nd-Fe-B PMs, a dissolution $85% of the coating metals, nickel and copper, occurs in 60 min while the magnets itself is barely attacked (Tables S3 and S4 , ESI †). Differently from Sm-Co PMs, the two solutions (bromine in DMF or in EtOH) did not have comparable performances. Although DMF is not a green solvent, it is the only one in which complete coating dissolution can be carried out within 60 min. The two solvents affect the stability of the metals in solution: DMF has a higher DN than EtOH and can, thus, better solvate the dissolved metals. It is worth mentioning that the dissolution proceeded slower for the Nd-Fe-B PMs than for the Sm-Co PMs. In fact, the dissolution rate is higher for the PMs with the higher volume since the solid-to-liquid ratio is higher: V (t) > h Nd-Fe-B (t) where V is the average volume of the bulk magnets, and h(t) is the dissolution rate as function of the time, as calculated in eqn (1) . As for the Sm-Co PMs, the coating metals, nickel and copper, were almost completely dissolved within just 30 min, while the alloy metals (cobalt, samarium and for the Sm 2 Co 17 also copper, iron and zirconium) did not dissolve to more than 5 wt% of their initial content. A signicant solubility of iron, but also of cobalt, in bromine solutions have been reported, but reux conditions were applied in that case. 24 Less copper than nickel dissolved in the rst minutes of the process for Sm-Co PMs and this can be explained by the fact that copper is the middle layer of the coating, covered by nickel that needs to be dissolved prior to the copper dissolution. In case of Nd-Fe-B PMs, the situation was reversed: more copper than nickel dissolved in the rst minutes and this might be explained with a thinner rst layer of nickel for the Nd-Fe-B PMs compared to the Sm-Co PMs. The reaction between the bromine solution and the magnet core occurs as well but much slower (Tables S3-8, ESI †) . A passivated layer might be formed by the oxidation of the alloy metals which impede the oxidizing dissolution of the same alloy metals underneath. A similar phenomenon has been reported in the dissolution study of metal alloys by trichloride ionic liquids.
31
In Fig. 6 and 7 , the progressive removal of the metallic coating from the REE PMs by bromine in organic solvents can be observed. At rst, the magnet (SmCo 5 or Sm 2 Co 17 , Fig. 6 ) is of a metallic luster because of the nickel coating, then the nickel layer starts to be attacked and the copper layer underneath becomes gradually visible, until all the nickel is dissolved. At this stage, the magnet looks of a light, shiny reddish color which clearly corresponds to the copper layer. When also the copper starts to be dissolved, the underneath nickel layer becomes visible as well. The process continues until both the copper layer and the second nickel layer are completely dissolved (in the case of EtOH and DMF). At the end, the uncoated magnet looks silver-white and dull, no longer shiny. In Fig. 7 , the removal of the coating of NdFe-B PMs by both 1 vol% bromine solutions in EtOH and DMF is shown as well. It is evident from this picture that the coating is fully removed aer 60 min for DMF, but not for EtOH. 
